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RESUMEN
3RUSULPHUDYH]VHSUHVHQWDQPDSDVGHFRQFHQWUDFLyQVXSHU¿FLDOGHGLy[LGRGHQLWUyJHQR122) para el te-
UULWRULRFRORPELDQR6HLQ¿ULHURQFRQFHQWUDFLRQHVVXSHU¿FLDOHVGH122 para 2007 a partir de dos fuentes de 
datos de densidad de columna troposférica: 1) una simulación que utiliza el modelo global tridimensional 
*(26&KHP\PHGLFLRQHVUHDOL]DGDVSRUHOLQVWUXPHQWRGHPRQLWRUHRGHOR]RQR20,SRUVXVVLJODVHQ
inglés) instalado a bordo del satélite Aura de la NASA. Los resultados muestran valores mensuales promedio 
GHDSSEY6HFRPSDUDURQODVFRQFHQWUDFLRQHVVXSHU¿FLDOHVGH122 inferidas con mediciones in situ 
FRUUHJLGDV\VHHQFRQWUDURQFRH¿FLHQWHVGHFRUUHODFLyQGHKDVWD8QDIXHQWHLPSRUWDQWHGH122 es la 
quema de biomasa, la cual puede ser diagnosticada a partir de los datos de potencia radiativa de los fuegos 
SURYHQLHQWHVGHOUHDQiOLVLVSDUDHOPRQLWRUHRGHODFRPSRVLFLyQDWPRVIpULFD\HOFOLPD0$&&SRUVXVVLJODV
en ingés). Se encontró una fuerte relación entre altas concentraciones de NO2 inferidas y quema de biomasa 
SDUDXQiUHDH[WHQVDTXHFRPSUHQGHORVGHSDUWDPHQWRVGH&DTXHWi0HWD*XDYLDUH9LFKDGD\3XWXPD\R
ABSTRACT
)RUWKH¿UVWWLPHPDSVRIVXUIDFHFRQFHQWUDWLRQRIQLWURJHQGLR[LGH122) are presented for the Colombian 
territory. NO2 surface concentrations for the year 2007 are inferred based on two sources of tropospheric NO2 
FROXPQGDWDDVLPXODWLRQXVLQJDWKUHHGLPHQVLRQDOJOREDOPRGHO*(26&KHPDQGPHDVXUHPHQWV
PDGHE\WKHR]RQHPRQLWRULQJLQVWUXPHQW20,RQERDUGWKH1$6$$XUDVDWHOOLWH5HVXOWVVKRZPRQWKO\




relationship between high values of inferred NO2 surface concentrations and biomass burning for a large area 
ZKLFKHQFRPSDVVHVWKHGHSDUWPHQWVRI&DTXHWi0HWD*XDYLDUH9LFKDGDDQG3XWXPD\R




decomposition in the stratosphere and a major pre-
cursor in the chain of chemical reactions that produc-
es O3 in the troposphere. Both O3 and NO2DUHWR[LF
WRELRWD/RQJWHUPH[SRVXUHWR122LVVLJQL¿FDQWO\
associated with decreased lung function and is a risk 
IDFWRUIRUUHVSLUDWRU\GLVHDVHV$FNHUPDQQ/LHEULFK
 6FKLQGOHU et al. *DXGHUPDQ 
2002; Panella et al., 2000; Smith et al., 2000). The 
measurement of pollutants not only allows the track-
ing of anthropogenic activity, but also improves our 
understanding of the relationships between pollution 
and natural phenomena. In this study, we focus on 
194 J. F. Grajales and A. Baquero-Bernal
NO21LWURJHQR[LGH12DQG122 species are pro-
duced from lightning, biomass burning, fossil fuel 
FRPEXVWLRQ DQG VRLOV 6DXYDJHet al., 2007). The 
high temperatures of combustion break down mo-
OHFXODUR[\JHQ22) from the air, which subsequently 
enters an important chemical reaction that produces 
NO and NO2 -DFRE 7KHLU SURGXFWLRQ LQ
combustion makes NO[ a marker of industrial ac-
WLYLW\LQFOXGLQJIRVVLOIXHOEDVHGSRZHUJHQHUDWLRQ
transportation, and concrete manufacture) as well as 
other human activities, such as agricultural biomass 
burning. Therefore, NO2 serves as an indicator of air 
quality and anthropogenic activity. Researchers have 
PDGHVLJQL¿FDQWHIIRUWVWRDQDO\]HSROOXWDQWHPLVVLRQ




Our primary interest in this study is the inference 
of surface NO2 concentrations in Colombia. To infer 
these concentrations, we use the GEOS-Chem tro-
pospheric chemistry model along with tropospheric 
column data from the ozone-measuring instrument 
20,RQERDUG WKH1$6$$XUDVDWHOOLWH7KH¿UVW
step of the inference process was the acquisition of 
NO2 tropospheric column data from the OMI. We 
XVH WKH2012HSURGXFW.HPSOHU7KHUH
are other OMI products that report NO2 density of 
tropospheric columns, such as the different products 
of the Royal Netherlands Meteorological Institute 
.10,%RHUVPDet al., 2007, 2011). However, the 
analysis of these products and their intercomparison 
are beyond the scope of this study.
Aerial measurements reveal that the concentration 
of NO2 in the tropospheric column is determined pri-
marily by NO2LQWKHPL[HGOD\HUDVZHOODVE\WKDWLQ
WKHERXQGDU\OD\HU0DUWLQet al., 2004, 2006; Boersma 
et al., 2008; Bucsela et al., 2008). However, the pro-
portion of NO2 in these two layers varies in space and 
time. Lamsal et al.SURSRVHGDPHWKRGWKDWXVHV
the local NO2SUR¿OHVREWDLQHGIURPWKH*(26&KHP
model to capture this variation in space and time. The 
GEOS-Chem model is a global three-dimensional 
model of tropospheric chemistry driven by assimilated 
meteorological observations from the Goddard Earth 
2EVHUYLQJ6\VWHP*(26RIWKH1$6$'DWD$VVLP-
LODWLRQ2I¿FH%H\et al., 2001; Gass, 2012; Rienecker 
et al., 2008). This model provides a comprehensive 




in section 4.5) to infer quasi-observed concentrations 
of NO2 at the surface.
Celarier et al. YDOLGDWHG WKH WURSRVSKHULF
stratospheric and total NO2 columns from the OMI with 
respect to surface measurements from multiple sources. 
7KLVYDOLGDWLRQLVGLI¿FXOWIRUPDQ\UHDVRQVSHUKDSV
the most important of which is that each OMI column 
FRUUHVSRQGVWRWKHDYHUDJHRYHUDODUJHDUHDDWOHDVW
km2ZKHUHDVVXUIDFHPHDVXUHPHQWVDUHVLWHVSHFL¿F
In addition, surface measurement instruments are often 
SODFHGDWSRLQWVRIPD[LPXPHPLVVLRQDQGWKHUHIRUH
do not measure background concentrations. Another 
GLI¿FXOW\LVWKDWWKHOHQJWKRIHDFKWLPHGDWDVHULHVIRU
validation is short, and the number of series is small, 
which makes statistical analysis difficult. Despite 
WKHVHDQGRWKHUGLI¿FXOWLHV20,PHDVXUHPHQWVDQG
surface measurements yield correlations in the data 
that are generally above 0.6. Another way to validate 
the tropospheric columns is through air campaigns 
RULQVLWXH[SHULPHQWVZKLFKSURYLGHYHUWLFDOSUR¿OH
data. Boersma et al.UHSRUWHGDKLJKVLPLODULW\
EHWZHHQ20,GDWDDQGLQVLWXSUR¿OHGDWD
)RUWKH¿UVWWLPHPDSVRIVXUIDFHFRQFHQWUDWLRQ
of NO2 are presented for the Colombian territory for 
a whole year, 2007. Additionally, in order to assess 
the contribution of the biomass burning to the NO2 
concentrations in the country, the inferred surface 
NO2 FRQFHQWUDWLRQV DUH FRPSDUHGZLWK¿UH UDGLD-
tive power data, which is used to monitor biomass 
burning. A brief summary of all the datasets used is 
given in section 2. Section 3 describes the methods 
used to infer the surface concentrations of NO2 and 
to calculate the correction factors to NO2 concentra-
tions measured at surface stations. The results and 
conclusions are presented in sections 4 and 5.
2. Data
2.1 NO2 tropospheric column from OMI
We used data from the OMNO2e product, which is a 
GDLO\JOREDOJULGGHGGDWDSURGXFWZKHUHHDFK¿OHLV
produced from one day’s worth of NO2 measurements 
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in units of molecules/cm2, cloud-screened at 30%; 




over Colombian territory at 17:00 and 18:00 UTC or 
12:00 and 13:00 LT.
The reported NO2 column corresponds to the 
YLVLEOH UDQJH EHWZHHQ  DQG  QP LH LQ
the presence of clouds, the amount of NO2 reported 
corresponds to the amount found above these. The 
PD[LPXPGHWHFWLRQOLPLWIRUDFORXG\DUHDLV
meaning that when cloud cover is below this value, 
there should be no bias in the data calculated using 
WKHVWDQGDUGDOJRULWKP7RUUHVet al., 2002). For grid 
cells with cloud covers above 30%, both total and 
tropospheric NO2 columns are set to missing values.
2.2 GEOS-Chem simulation
To infer the NO2 concentrations at the surface, infor-
mation about the NO2WURSRVSKHULFSUR¿OHLVUHTXLUHG
7RREWDLQWKLVSUR¿OHZHXVHGWKH*(26&KHP'
global tropospheric chemistry model. The GEOS-
Chem simulation performed is of the type “NO[-O[-hy-
drocarbons” and has a spatial resolution of 2.5 × 2º. 
GEOS-Chem simulates tropospheric ozone-nitrogen 
R[LGHVK\GURFDUERQFKHPLVWU\:HXVHd version v8-
02-01, in which there are 43 advected tracers. The 
simulation with GEOS-Chem was performed for 47 
vertical levels that ranged from the surface to 0.01 hPa, 
and covers the years 2006 and 2007. The year 2006 
served as a model spin-up. The simulation includes 
WKHUHDFWLRQPHFKDQLVPV609*($5,,DQG)$67-
IRUSKRWRO\VLV(YDQVet al., 2003).
Although there are emissions inventories for some 
cities, there is no national emission inventory avail-
able for Colombia. For this reason, we used the de-
fault inventories suggested by the GEOS-Chem team 
DFFRUGLQJWRWKHUHJLRQRIWKHZRUOGVHH7DEOHLQ
http://acmg.seas.harvard.edu/geos/word_pdf_docs/
emissions_v8_02_03.pdf). In particular for Central 
and South America, the NO[, SO[ and CO emissions 
DUHIURP('*$5)72OLYLHUDQG%HUGRZVNL
WKH92&DQG1+3 emissions are from GEIA 
:DQJ et al.  DQG%&2& HPLVVLRQV DUH
from Bond et al.(PLVVLRQVIURPRSHQ¿UHV





included in the model on a monthly basis.
2.3 Surface data from air quality stations
To validate the inferred surface concentrations, 
we used NO2 data from stations of the air quality 
monitoring networks installed in Bogotá and Bucar-
DPDQJDFig. 1) by the Secretaría Distrital de Ambi-
HQWH'LVWULFW'HSDUWPHQWRI(QYLURQPHQWDQGWKH
Corporación Autónoma Regional para la Defensa de 
OD0HVHWDGH%XFDUDPDQJD5HJLRQDO$XWRQRPRXV
Corporation for the Defense of the Bucaramanga 
Plateau), respectively. For Bogotá, we used data from 
VHYHQVWDWLRQV,'5'0$9'7)RQWLEón, Las Ferias, 
Suba, Puente Aranda, and Carvajal. For Bucaraman-
ga, we used data from the Centro station. These data 
represent measurements made using commercial 
chemiluminescence equipment.
All of the NO2 data used in this study represent 
YDOXHVPHDVXUHG EHWZHHQ  DQG 87&
The period of greatest coverage of the Colombian 
territory by the Aura satellite is between 17:00 and 
87&DQG/7)RUWKLVUHDVRQ
the NO2GDWDREWDLQHGIURPHDFKVRXUFHLQVLWX20,
and GEOS-Chem) were averaged for these two hours. 
Subsequently, monthly averages for each NO2 data-
set were calculated using these values only at those 
days when OMI data are available. Table I shows an 
overview of the data used in this work.
3. Methodology
3.1 Inference of surface concentrations of NO2
Lamsal et alSURSRVHGDPHWKRGWKDWXVHVWKH
local NO2 SUR¿OH REWDLQHG IURP WKH*(26&KHP
model to capture the variation in space and time of 
the NO2 concentration. Based on the GEOS-Chem 
SUR¿OHVWKH20,FRQFHQWUDWLRQVDWWKHVXUIDFHFDQ





In this equation, SUHSUHVHQWVWKHVXSHU¿FLDOOHYHO
concentration, and ȍ represents the NO2 tropospheric 
FROXPQ7KHVXELQGH[O indicates OMI, and the sub-
LQGH[G indicates GEOS-Chem. The OMI-derived 
surface concentration SoUHSUHVHQWVWKHPL[LQJUDWLR
LQWKHORZHVWOD\HURIWKHPRGHOZKLFKLVDSSUR[L-
PDWHO\P/H6DJHU et al., 2008).
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The spatial variation of the OMI observations 
ZKLFKKDYHDQRULJLQDOUHVROXWLRQRI× 0.25º) 
within the resolution of the GEOS-Chem simulation 
îVKRXOGUHÀHFWYDULDWLRQLQ122 concentra-
tions within the boundary layer. Lamsal et al.
developed a scheme to combine both sources of 
Table I. Overview of the NO2 data used.
Type Measurement Method Available time
OMI Tropospheric column of NO2 Satellite 87&RU/7
GEOS-Chem NO2 Tropospheric column
and NO2 surface concentration
OHYHORIPRGHO
Model simulation Hourly














































30 Valle del Cauca
31 Vaupés
32 Vichada
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LQIRUPDWLRQYHUWLFDOSUR¿OHDQGKRUL]RQWDOYDULDWLRQ




* Ω0vΩG – vΩG + ΩGF F
 




F corresponds to the free tropospheric column, 
which is taken as a horizontal constant on the GEOS-
&KHPJULGDQGUHÀHFWVWKHORQJHVW122 half-life in the 
free troposphere. The calculation of ΩG
F determines 
WKHSODQHWDU\ERXQGDU\OD\HUDQGFDOFXODWHVWKHH[-




In this equation, Ω0 corresponds to the NO2 tro-
SRVSKHULFFROXPQVIURPWKH20,× 0.25º), and 
Ω0  corresponds to the OMI tropospheric columns 
DYHUDJHGDWWKH*(26&KHPJULGUHVROXWLRQ× 
(TEHFRPHV(TZKHQȞ is equivalent 
to unity.
3.2 Interference in the measurement of NO2
Once the surface concentrations of NO2 are inferred, 
it is necessary to validate these concentrations. The 
NO2 measuring instrument most commonly used by 
air quality monitoring networks globally is the che-





+DUULVRQ'XQOHDet al., 2007; Steinbacher et 
al., 2007). To correct this interference at the surface, 
FRUUHFWLRQ IDFWRUV &)ZHUH FDOFXODWHG XVLQJ WKH
GEOS-Chem model. Fig. 1 shows the location of 
the stations, from which in situ measurements were 
available for this study.
Commercial chemiluminescence detectors are 
powered by the intensity of light produced by the 
FKHPLFDOUHDFWLRQEHWZHHQR]RQHSURYLGHGE\WKH




* NO2 + h  5
In this reaction, NO2FRUUHVSRQGVWRDQH[FLWHG
NO2 molecule, which will subsequently lose a mea-
surable amount of energy. This process involves the 
chemical reduction of NO and the use of a molyb-
denum catalytic converter heated to 300-400 ºC to 
catalyze the chemiluminescence reaction described 
above. The instrument has two modes of measure-
ment: NO and NO[. The concentration of NO2 is 
determined by subtracting the two reading modes 
12[-NO). The disadvantage of this approach is that 
not only NO2 is chemically reduced; other species, 
such as HNO33$1DQGDON\OQLWUDWH$1FDQDOVR





NO2 + ∑AN + 0.95 PAN + 0.35 HNO3
 
4. Results
4.1 NO2 columns from the GEOS-Chem model
Figure 2 shows the monthly mean density of tropo-
spheric NO2 columns obtained from the GEOS-Chem 
model simulation for Colombia. To calculate the 
monthly means, the model data was sampled only at 
those times when OMI data is available. The density 
of the tropospheric columns is relatively low, with 
YDOXHVQRWH[FHHGLQJ× 1015 molecules/cm2. The 
FROXPQGHQVLW\YDULHVE\ UHJLRQ/RZHUYDOXHV §
0.2 × 1015 molecules/cm2) are observed in southern 
and southeastern Colombia in departments that con-
tain notable rainforest areas, including Amazonas, 
&DTXHWi3XWXPD\R9DXSpV*XDYLDUHDQG*XDLQtD
6OLJKWO\KLJKHUWURSRVSKHULFFROXPQYDOXHV!× 
1015 molecules/cm2) are observed in northern Colom-
bia in such departments as Córdoba, Sucre, Bolívar, 
$WOiQWLFR0DJGDOHQD&HVDUDQG/D*XDMLUDDVZHOO
DVLQ9HQH]XHOD)LJXUHDOVRVKRZVWKDWLQVRPH
cases, consecutive months have similar tropospheric 
NO2 column averages.
4.2 Surface NO2 concentrations from the GEOS-
Chem model
The surface level NO2 concentrations from the GEOS-
Chem model are presented in Figure 3. Relatively 
low NO2 surface concentration values were obtained 
over most of Colombia. Lower values were observed 
LQ WKH VRXWKHUQ VRXWKHDVWHUQ DQG3DFL¿F UHJLRQV
ZKHUHDQWKURSRJHQLFDFWLYLW\LVORZRUQRQH[LVWHQW 
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DQG VOLJKWO\ KLJKHU YDOXHV XS WR  SSEYZHUH
observed to the north along the Caribbean coast into 
9HQH]XHODZKHUHSRSXODWLRQGHQVLW\DJULFXOWXUHDQG
industrial and mining activities are the greatest. This 
pattern is similar to that observed in the tropospheric 
FROXPQGDWDIURP*(26&KHPZKLFKUHÀHFWVWKH
H[SHFWHG GLVWULEXWLRQ RI SROOXWDQWV DV LQ IRUHVWHG
areas or areas with little population, the surface 
concentration of NO2 should be low compared to 
that observed in more populated areas or in areas of 
agricultural or industrial activities. This suggests a 
VWURQJLQÀXHQFHRIWKHORZHUOD\HUVRQWKHJHQHUDO
properties of the tropospheric NO2 column, probably 
because chemically formed NO2 is generated mainly 
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)LJ0RQWKO\DYHUDJHGHQVLWLHVLQPROHFXOHVFP2 [× 1015]) of tropospheric NO2 columns from the GEOS-Chem model. 
Only the maps for even months are shown. For the calculation of the monthly averages, each grid cell of the density 
GDWDDYDLODEOHLQDUHVROXWLRQRI×ZDVGLYLGHGLQWRJULGER[HVRIHTXDOVL]H× 0.25º). Additionally, 
WKH*(26&KHPGHQVLW\GDWDZDVVDPSOHGRQO\DWWKRVHWLPHVZKHQ20,GDWDLVDYDLODEOH%ODQNZKLWHJULGER[HV
represent missing OMI data.
199Surface concentrations of NO2 in Colombia
4.3 NO2 columns from OMI
The density values of the tropospheric NO2 columns 
from the OMI are shown in Figure 4. As was true for 
the GEOS-Chem data, we can see that in general, for 
most months, lower values are found in the south-
ern and southeastern areas comprising departments 
ZLWKUDLQIRUHVWDUHDVLQFOXGLQJ$PD]RQDV9DXSpV
Guainía, Putumayo, Caquetá, and Guaviare. Another 
DUHDZLWK ORZ FRQFHQWUDWLRQ YDOXHV LV WKH3DFL¿F
region to the west, which includes departments of 
&KRFy9DOOHGHO&DXFD&DXFDDQG1DULxR+LJKHU
values are found mainly to the north, in departments 
such as Córdoba, Sucre, Bolívar, Magdalena, Atlán-
WLFRDQG&HVDUDVZHOODVLQ9HQH]XHOD7KHPRQWK
with the lowest density values for the whole country 
is June. On the other hand, high-density values were 
reported by the OMI in February. In this month, a 
continuous strip of densities of 2 × 1015 molecules/
cm2RUJUHDWHU LVREVHUYHGEHWZHHQZHVWHUQ9HQ-
H]XHOD DQG WKH GHSDUWPHQWV RI9LFKDGD$UDXFD
Casanare, Meta, and Caquetá, which are not densely 
SRSXODWHG+RZHYHURLOH[WUDFWLRQLVWKHPDLQHFR-
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Fig. 3. Monthly averages of NO2VXUIDFHFRQFHQWUDWLRQLQSSEYIURPWKH*(26&KHPPRGHO6DPHUHPDUNVDVLQ)LJXUH






and eastward to Caquetá, Putumayo, and Guaviare. 
These relatively high concentrations of NO2 may be 
associated with such factors as biomass burning, 
improper agricultural soil management, burning 
associated with the oil industry or the transport of 
NO2 from other regions.
4.4 Comparison of GEOS-Chem columns and OMI 
columns
Figure 5 shows the result of subtracting monthly 
OMI column densities from GEOS-Chem column 
GHQVLWLHV )LJVDQG UHVSHFWLYHO\7RSHUIRUP
this subtraction, each grid cell of the GEOS-Chem 
data, available in a resolution of 2º × 2.0º, was di-
YLGHGLQWRJULGFHOOVRIHTXDOVL]H× 0.25º). 
Additionally, the GEOS-Chem data was sampled 
only at those times when OMI data is available. In 
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Fig. 4. Monthly average densities of tropospheric NO2FROXPQVLQPROHFXOHVFP2 [× 1015]) from the OMI for 2007. Grid 
resolution is 0.25 ×%ODQNZKLWHJULGER[HVUHSUHVHQWPLVVLQJGDWD2QO\WKHPDSVIRUHYHQPRQWKVDUHVKRZQ
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systematically higher than those from GEOS-Chem. 
However, there are spots where column densities 
from OMI are lower than those from GEOS-Chem. 
These spots are mountain areas located on the Cor-
dillera Oriental, Cordillera Occidental, Ecuadorian 
$QGHVDQG9HQH]XHODQ$QGHV7KHUHDUHDOVRVRPH
spots located to the north, in the departments Guajira, 
Cesar, and Magdalena.
In Colombian remote regions, industrial activity 
is very little and volcanic activity is scarce. When 
there is not biomass burning in these regions, NO2 
columns are determined by both lightning produc-
tion and transport of pollutants from other regions. 
Therefore, density of tropospheric NO2 columns 
over these regions should have values close to zero. 
That should occur in departments of Amazonas and 
9DXSpVDQGLQSDUWVRIWKHGHSDUWPHQWVRI*XDQtD
9LFKDGD&DTXHWiDQG*XDYLDUH ,Q WKHVH UHJLRQV
20, *(26&KHP FROXPQVKDYHGHQVLW\ YDOXHV
EHWZHHQDQGDQG× 1015 molecules/cm2 
VHH)LJVDQG7KXVWKHUHLVRYHUHVWLPDWLRQRI
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Fig. 5. Mean differences between OMI and GEOS-Chem monthly tropospheric NO2 FROXPQV LQPROHFXOHVFP2 
[× 1015]). Only the maps for even months are shown.
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9DOLGDWLRQRIVDWHOOLWHREVHUYDWLRQVRIWURSRVSKHULF
NO2 columns has been carried out in non-remote 
regions by both using differential optical absorption 
VSHFWURVFRS\&HODULHUet al., 2008) and by perform-
LQJDLUFUDIWPHDVXUHPHQWVRYHUWKH86DQG0H[LFR
%RHUVPDet al., 2008). These authors reported that 
correlations between in situ NO2 measurements and 
satellite observations in some remote areas are not 
greater than 0.6.
To quantify the overestimation of NO2 column 
densities in remote regions by OMI, a bias correc-
tion value is calculated as the average of all the 
monthly differences between OMI and GEOS-Chem 
column densities for year 2007 and for all the grid 
points comprised in two rectangular areas: 1.50º N 
to 0.75º S, 71.50 to 70.00º W, and 0.75 to 2.25º S, 73 
WR:7KHVHWZRDUHDVFRPSULVHWKHPDMRUSDUW
RIWKHGHSDUWPHQWVRI9DXSpVDQG$PD]RQDV$ELDV
correction value of 0.4 × 1015 molecules/cm2 was 
found. Therefore, we propose that on points where 
the density of OMI NO2FROXPQVLVH[SHFWHGWREH
very low, this value should be subtracted.
)URP(TV DQG LWFDQEH LQIHUUHG WKDW LI
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Fig. 6. Monthly average surface concentrations of NO2LQSSEYLQIHUUHGXVLQJ(T6DPHUHPDUNVDVLQ)LJXUH
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RYHUHVWLPDWHG XQGHUHVWLPDWHG E\20,GHULYHG
measurements, our inferred surface concentration 
LVWKXVDOVRRYHUHVWLPDWHGXQGHUHVWLPDWHG7KHVH
biases can be caused by the derivation of the OMI 
tropospheric column, since the stratospheric contri-
bution has to be estimated and subtracted.
4.5 Inference of surface NO2 concentrations
Surface concentrations of NO2 were inferred by using 
(TV  DQG 7KHVH LQIHUUHGFRQFHQWUDWLRQV DUH




 RI WKH*(26&KHP WURSRVSKHULF FROXPQV
and the GEOS-Chem surface concentrations to the 
0.25 × 0.25º OMI grid in order to carry out the numer-
LFDOFDOFXODWLRQVLQYROYHGLQ(TVDQG(T
generated higher surface concentration values than Eq. 
7KLVUHVXOWLVGXHWRWKHJUHDWHULQÀXHQFHRIWKH
lower layers of the troposphere implied in the method 
RIFDOFXODWLRQXVHGE\(T7KLVHTXDWLRQLQFOXGHV
WZRIXQGDPHQWDODVSHFWV7KH¿UVWLVWKHLQÀXHQFHLQ
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Fig. 7. Monthly average surface concentrations of NO2LQSSEYLQIHUUHGXVLQJ(T6DPHUHPDUNVDVLQ)LJXUH
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FROXPQVΩG and ΩGF) and the surface concentrations IURP WKHPRGHO SGZKLFK LQÀXHQFH UHVXOWV LQ D
ODUJHU12[OLIHWLPHLQWKHIUHHWURSRVSKHUH)DFWRUV
ȞGHVFULEHWKHLQÀXHQFHRIWKHORZHUSDUWVRIWKHWUR-
posphere on the values of NO2 in the whole column. 
The 2.5 × 2º grid is affected according to the OMI 
column values, which have a resolution of 0.25 × 0.25º. 
7KHVHFRQGDVSHFWLVWKHLQÀXHQFHLQWKHYHUWLFDOGL-
mension of the free tropospheric ΩG
F columns, which 
differentiate the tropospheric column into a planetary 
ERXQGDU\OD\HUDQGWKHUHVWRIWKHFROXPQZKLFKLV
called the free tropospheric column). The effects of the 
planetary boundary layer and the even stronger effects 
RIWKHPL[HGOD\HUJLYHQWKHJHQHUDWLRQRI122 on the 
surface) can be observed by comparing Figures 5 and 
6, which show that higher surface concentrations of 
NO2DUHREWDLQHGXVLQJ(T
Figure 7 highlights the high concentrations of 
NO2 inferred for the month of February at the bound-
aries between the departments of Caquetá and Meta 
and between the departments of Meta and Guaviare. 
At the boundary between Caquetá and Meta, values 
of more than 3 ppbv are observed. These values are 
comparable to those observed in densely populated 




*X\DQD 6XULQDPH DQG )UHQFK*XLDQD WKH ¿UH
diurnal cycle has combustion rates peaking early 
LQ WKH DIWHUQRRQ EHWZHHQ  DQG /7
OMI-derived NO2 concentrations are inferred for 
the period between 12:00 and 14:00 LT, and the high 
NO2 concentrations in the departments of Caquetá, 
Meta and Guaviare in February are highly associated 
ZLWKELRPDVVEXUQLQJDVZLOOEHVKRZQLQVHFWLRQ
4.7.2). Thus, a value of 3 ppbv in the departments of 
Caquetá, Meta and Guaviare in February would be 
FORVHWRWKHPRQWKO\PHDQRIWKHGDLO\PD[LPXP
For other months, from May to November, when 
OLWWOHELRPDVVEXUQLQJLVUHFRUGHGVHFWLRQ
the inferred OMI NO2 values should correspond 
WR ORZ YDOXHV LQ WKH GDLO\ SURGXFWLRQ F\FOH GXH
to the relatively high rate of photodissociation of 
NO2 around noon, which is when the satellite Aura 
passes over the region [Barreto, 2004]). Thus, NO2 
concentrations almost certainly reach higher values 
in the afternoon and evening when the rate of pho-
todissociation of NO2 is reduced.
4.6 Correction of NO2 concentrations measured at 
surface stations
To compare the surface NO2 concentrations inferred 
from OMI data with the in situ data collected at sur-
face stations, it was necessary to correct the latter. As 
mentioned in section 3.2 above, NO2 concentrations 
registered using commercial chemiluminescence 
gauges are higher than the true concentrations be-
cause in these measuring devices, NOy species other 
than NO2 LQFOXGLQJ WKH DON\O QLWUDWHV+123 and 
PAN) are subject to chemical reduction.
Figure 8 shows the CF obtained through GEOS-
&KHPVLPXODWLRQIRU)HEUXDU\XVLQJ(T
The values shown represent the monthly average for 
the period between 12:00 and 14:00 LT. We show 





















ruary 2007 for the interference in the commercial meters 
used for measuring surface NO2 in situ.
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variability from month to month. Throughout most 
of Colombia, the CF values range from less than 0.2 
WR7KLV¿QGLQJLQGLFDWHVDQRYHUHVWLPDWLRQLQWKH
NO2 reading by the molybdenum catalytic converter 
of between 60 and 80%, which implies that a large 
reservoir of NO2 is present in NOy species, such as 
PAN, HNO3, and alkyl nitrates. Because Colombia 
is located in the equatorial zone, a high level of solar 
radiation is present during most of the year, and this 




inant in regions with low anthropogenic activity. This 
result is due primarily to the short lifetime of NO2 
JLYHQWKHLQÀXHQFHRIVRODUUDGLDWLRQGXULQJWKHGD\
which favors the conversion of NO2 to NO following 
WKHH[KDXVWLRQUHDFWLRQ
NO2 + hv  →  NO + O3
O2  5
During the day, NO is present in higher levels 
than NO2, and during the night, the converse is true.
Another important factor that affects the value of 
CF is anthropogenic activity, which is related to the 
population density and the industrial characteristics 
of a region. In general, the higher the levels of an-
thropogenic activity, the higher the concentrations 
of NO[ species. In remote regions, the levels of an-
thropogenic activity are lower and NOy compounds 
SUHYDLO)URPWKHFHQWHURI&RORPELDWRWKHQRUWKLH
in the region with the highest anthropogenic activity), 
the CF values are slightly higher compared with the 
CF values in the southern and southeastern parts of 
WKHFRXQWU\ZKLFKLQFOXGHGHSDUWPHQWVZLWKVPDOOHU
populations, such as Amazonas, Guainía, Caquetá, 
Putumayo, and Guaviare). The highest values for all 
PRQWKVEHWZHHQDQGRFFXUFORVHWRWKH9HQ-
ezuelan coast, probably due to anthropogenic causes.
4.7 OMI-derived NO2 concentrations versus in situ 
and biomass burning data
4.7.1 Comparison of OMI-derived NO2 concentra-
tions and in situ concentrations
&RUUHODWLRQFRHI¿FLHQWVZHUHFDOFXODWHGIRUWKHFRP-
parison of the monthly mean surface NO2 concentra-
tions measured in situ with those inferred from OMI 
data. For each in situ data point, it was necessary to 
apply the correction factor in the GEOS-Chem grid 
that was closest to the associated measuring station. 





networks; however, we could only have access to 
the data for Bogotá and Bucaramanga. On the other 
hand, cities that have air quality monitoring networks 
are located west of the Cordillera Oriental, so that in 
PXFKRIWKHFRXQWU\QRVXUIDFHVWDWLRQVH[LVWIURP
which air quality data can be obtained to study the 
sources and transport mechanisms of pollutants in 
Colombia.
The stations located and used in Bogotá are IDRD, 
0$9'7)RQWLEyQ/DV)HULDV3XHQWH$UDQGDDQG
Suba. The station located and used in Bucaramanga 
is Centro. The number of data points used simulta-
neously for inferred monthly NO2 concentrations 
and measuring stations in Bogotá and Bucaramanga 
is presented in Table II. As can be observed in this 
table, certain averages were calculated using only one 
simultaneous data point, and in the best case, some 
averages were calculated using 20 simultaneous data 
points. Since Bogotá has an area of 1600 km2, two 
OMI grid cells at the resolution 0.5 × 0.5º were used 
to compare with the station data. The location of the 
midpoint of each grid cell is shown in Table III.
Monthly averages and correlations for stations in 
%XFDUDPDQJDDQG%RJRWiDUHSUHVHQWHGLQ7DEOH,9 
The in situ data that are most highly correlated with 
the OMI inferred data are those from the Puente 
$UDQGD ,'5' DQG0$9'7 VWDWLRQV'DWD IURP
WKHVHWKUHHVWDWLRQV\LHOG3HDUVRQFRHI¿FLHQWVRI 
DQGDQG6SHDUPDQFRHI¿FLHQWVRI
and 0.78, respectively. The stations with the highest 
DQQXDOPHDQDUH3XHQWH$UDQGD0$9'7DQG/DV
Ferias, in that order. It is noted that the Puente Aranda 
station is located in the second-biggest industrial zone 
in Colombia, which could mean that concentration 
of polluting agents, in particular NO2, could be ho-
mogeneous in the surrounding area represented by 
WKHFRUUHVSRQGLQJ20,JULGFHOO%RJRWiVRWKDW
Puente Aranda could have the best local background 
measurements relative to the other stations.
)LJXUHV  VKRZ WKHPRQWKO\PHDQV RI122 
concentrations from the stations in Bogotá and Bucar-
amanga and the corresponding inferred OMI values. 
The NO2 concentrations inferred from OMI data for 
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Colombia are similar to those found by Lamsal et al. 
LQWKH86IRUWKHVXPPHUVHDVRQ7KHVHDX-
thors reported NO2 concentrations of 0.1 ppbv in rural 
regions and between 2 and 3 ppbv in urban areas. Since 
the measurements at the stations are at surface level, 
WKH\GRQRWUHÀHFWWKHLQÀXHQFHRIHLWKHUWKHPL[HG
layer or the horizontal atmospheric movements, both 
RIZKLFKVHUYHWRPL[DWPRVSKHULFSROOXWDQWV7KXV
inferred OMI NO2 concentration tends to be lower than 
point measurements reported at the corresponding sta-
tions. Therefore, the values for the stations reported in 
)LJXUHVFRXOGKDYHRYHUHVWLPDWLRQVHYHQWKRXJK
they correspond to corrected data according to the CF 
REWDLQHGIURP*(26&KHPVHFWLRQ6XFK&)V
DUHLQÀXHQFHGE\WKHLQWHUIHUHQFHVFDXVHGPDLQO\E\
NOy species such as PAN, alkyl nitrates and HNO3 
VHH(T7KXVLWFDQEHH[SHFWHGWKDWGHVSLWHWKH
correction, surface NO2 concentrations from the sta-
tions are still overestimated. It is therefore desirable 
to determine the conversion rates of interfering NOy 
species. The conversion of HNO3 is not easy to resolve 
and depends on the measuring equipment, as noted by 
Lamsal et al.ZKRUHSRUWHGDYDOXHRI
In the cases of PAN and alkyl nitrates, conversion to 
PRUHVWDEOHFRPSRXQGVLVH[SHFWHG6WHLQEDFKHUet 
al., 2007). On the other hand, a main reason for the 
underestimation of satellite-inferred concentrations is 
the limited sensitivity of the remote sensing instrument 
close to the surface.
It should also be noted that our data validation pro-
cess was limited because a high layer of cloud cover 
is usually present over the mountainous regions. This 
cloud cover impedes the measurement of NO2 col-
XPQVLQWKHYLVLEOHVSHFWUXPVHFWLRQDQGDVFDQ
be observed on the map in Figure 12, the lack of data 
IRUWKH$QGHDQUHJLRQGHSDUWPHQWVRI1DULxR&DXFD
9DOOHGHO&DXFD+XLOD7ROLPD5LVDUDOGD4XLQGtR
Cundinamarca, Antioquia, Boyacá, Santander and 
Norte de Santander) is considerable. The scarcity 
of data for the mountainous regions is not unique to 




















































































































































































































































































































































































































Table III. Location of the midpoint of the two grid cells 
used to compare with the station data at Bogotá. 
/RQJLWXGH: /DWLWXGH1
Bogotá 1 74.125 4.625
Bogotá 2 74.125 4.875
Bucaramanga 73.125 7.125
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January February March April May June July August September October November December
20,LQIHUUHGDW%RJRWi,'5'  0.54 1.07 0.16 0.08 0.44 0.27 0.13 0.21 0.32 0.45




20,LQIHUUHGDW%RJRWi0$9'7 0.54 0.62 1.07 1.27 0.08 0.44 0.27 0.13 0.15 0.33 0.62 0.68




20,LQIHUUHGDW%RJRWi)RQWLEyQ 0.54 0.62 1.07 1.27 0.08 0.44 0.27 0.13 0.17 0.32 0.44




20,LQIHUUHGDW%RJRWi/DV)HULDV 0.63 0.62 1.07 1.27 0.08 0.51 0.14 0.32  0.67






0.70 0.60 1.07 1.27 0.08 0.44 0.27 0.13 0.14 0.32  0.68




20,LQIHUUHGDW%RJRWi6XED  0.61  0.06  0.81 0.15 0.33 0.26 0.60




OMI inferred at Bucaramanga 
&HQWUR
0.58 0.62 1.07 1.27 0.08 0.44 0.27 0.13 0.14 0.32 0.61 0.68




208 J. F. Grajales and A. Baquero-Bernal














OMI inferred at  Bogotá 1 (IDRD)
OMI inferred at  Bogotá 1 (MAVDT)
OMI inferred at  Bogotá 1 (Puente Aranda)
OMI inferred at  Bogotá 1 (Fontibón)









































Fig. 10. Monthly average surface concentrations of NO2LQSSEYDW%RJRWi
LQIHUUHGIURP20,GDWDXVLQJ(TDQGIURPFRUUHFWHGPHDVXUHPHQWV
at Suba station, which is located in Bogotá.






















Fig. 11. Monthly average surface concentrations of NO2 LQ SSEY DW
%XFDUDPDQJDLQIHUUHGIURP20,GDWDXVLQJ(TDQGIURPFRUUHFWHG
measurements at Centro station, which is located in Bucaramanga.
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DQG QRW VKRZQ8QIRUWXQDWHO\ WKH VXUIDFH
measurement stations available to provide data use-
ful for validation are located in a mountainous and 
FORXG\DUHD6L[RIWKHVHYHQVWDWLRQVDUHORFDWHGLQ
Bogotá, which is located in the Andean region and 
has an elevation of 2600 m. The seventh station is 
located in Bucaramanga, which is also located in the 
$QGHDQUHJLRQDQGKDVDQHOHYDWLRQRIP7KH
H[WHQVLRQRI WKH QHWZRUNRI VXUIDFHPHDVXUHPHQW
stations to both remote and new urban areas would 
enable more comprehensive measurement of back-
ground concentrations of NO2 and would facilitate 
a more complete validation throughout Colombia.
4.7.2 Estimated NO2 surface concentration vs. 
MACC Fire Radiative Power
)LUHUDGLDWLYHSRZHU)53GHWHUPLQHVWKHEXUQLQJ
UDWH RI ELRPDVV OLYLQJ DQGGHDGYHJHWDWLRQ7KH
*OREDO)LUH$VVLPLODWLRQ6\VWHP*)$6YFDOFX-
lates biomass-burning emissions by assimilating FRP 
observations from the MODIS instrument onboard 
WKH7HUUDDQG$TXDVDWHOOLWHV.DLVHUHWDO:H
XVHGWKH)53GDWDIURPWKH'DLO\:LOG¿UH(PLVVLRQV




data has a horizontal spatial resolution of 0.5 × 0.5º 
ODWLWXGHîORQJLWXGHDQGKDVEHHQSURGXFHGVLQFH
2003 to the present.
Figure 13 shows monthly means of FRP for 
2007. It can be noted that a high amount of biomass 
ZDVEXUQHG LQ&RORPELD LQ)HEUXDU\ DQG DOVR LQ
January and March [not shown]), while biomass 
burning was scarce in the months after. Figure 14 
shows maps of correlation between FRP and OMI-de-
rived NO2 surface concentration estimated in section 
4.5. The biggest number of grid points with high cor-
UHODWLRQYDOXHV!LVREVHUYHGIRU)HEUXDU\DQG
also in January and March [not shown]), especially in 
9LFKDGD0HWD*XDYLDUH&DTXHWiDQGWKHZHVWHUQ
SDUWRI9HQH]XHODUHJLRQVZKHUHWKHSUHYDLOLQJELRPH
is humid tropical forest. This implies that the high NO2 
concentrations in Figure 7 in these regions are mostly 
attributable to biomass burning. The correlations are 
low in the months after. In Cesar, Magdalena, Bolívar, 
and La Guajira, where the prevailing biome is trop-
ical dry forest, there are intermediate values of FRP 
)LJ7KHFRUUHODWLRQYDOXHVEHWZHHQ)53DQG
the estimated NO2VXUIDFHFRQFHQWUDWLRQ)LJLQ
these regions suggest that the NO2 concentrations are 
partially due to biomass burning and partially due to 
industrial NO2 generating processes.
5. Conclusions
1. There is an overestimation of OMI columns in 
remote regions. We propose that on remote regions, 
where the density of OMI NO2FROXPQVLVH[SHFWHGWR
be very low, the amount of 0.4 × 1015 molecules/cm2 
should be subtracted.
2. The inferred NO2 concentration values are relative-
O\ORZEHWZHHQDQGSSEYWKURXJKRXWPRVW
of the country. However, relatively high concentra-
WLRQVEHWZHHQDQGSSEYRFFXULQWKHGHSDUWPHQWV
of Caquetá and Meta in February. A main reason for 
the underestimation of satellite-inferred concentra-
tions is the limited sensitivity of the remote sensing 
instrument close to the surface.
3. The comparison of NO2 concentrations inferred 
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Fig. 12. Number of missing data points in the OMNO2e 
product for 2007.
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4. The comparison of the NO2 concentrations in-
ferred from OMI data and FRP yields high correla-
WLRQFRHI¿FLHQWVLQDUHDVZKHUHWKHFRQFHQWUDWLRQV
are high. These areas are tropical rainforests. This 
indicates that these high NO2 concentrations are due 
to biomass burning, which includes the human-ini-
tiated burning of vegetation for land clearing and 
land use change as well as natural, lightning-induced 
¿UHV,QDUHDVZLWKFRUUHODWLRQVEHWZHHQDQG
ORFDWHGLQZHVWHUQ9HQH]XHODDQGFHQWUDODQGQRUWK-
ern Colombia during February), NO2 concentrations 
can be partially associated with biomass burning 
and partially with other processes such as transport 
of NO2 or its precursors from other regions, burn-
ing of fossil fuels by the oil industry, and diverse 
industrial processes.
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Fig. 13. Monthly means of FRP for 2007 in W/m2. Only the maps for even months are shown.
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Fig. 14. Correlation maps between inferred NO2 surface concentration and FRP interpolated to the 0.5 × 0.5º resolution. 
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